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Abstract: The SARS-CoV-2 coronavirus pandemic outbreak in 2019 resulted in the need to search
for an effective and safe strategy for treating infected patients, relieving symptoms, and preventing
severe disease. SARS-CoV-2 is an RNA virus that can cause acute respiratory failure and thrombosis,
as well as impair circulatory system function. Permanent damage to the heart muscle or other
cardiovascular disorders may occur during or after the infection. The severe course of the disease is
associated with the release of large amounts of pro-inflammatory cytokines. Due to their documented
anti-inflammatory, antioxidant, and antiviral effects, reactive sulfur compounds, including hydrogen
sulfide (H2S), lipoic acid (LA), N-acetylcysteine (NAC), glutathione (GSH), and some other lesser-
known sulfur compounds, have attracted the interest of scientists for the treatment and prevention
of the adverse effects of diseases caused by SARS-CoV-2. This article reviews current knowledge
about various endogenous or exogenous reactive sulfur compounds and discusses the possibility, or
in some cases the results, of their use in the treatment or prophylaxis of COVID-19.

Keywords: SARS-CoV-2; spike protein; hydrogen sulfide; glutathione; N-acetylcysteine; lipoic acid;
erdosteine; ergothioneine

1. SARS-CoV-2

Coronavirus disease 2019 (COVID-19) induced by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), was first discovered in an outbreak of respiratory disease
cases in Wuhan City, China, in 2019 and quickly spread across the world causing a global
pandemic. The clinical symptoms of COVID-19 vary from mild respiratory complaints
to severe disease with pneumonia and inflammatory disease, acute respiratory failure,
multiorgan failure, or death [1]. It has been documented that some people, including
men, older patients, and patients with comorbidities (e.g., cardiovascular disease, diabetes
mellitus and obesity, chronic respiratory disease, and immune deficiency), are more prone to
developing a severe course of the disease requiring hospitalization [2]. Current strategies to
treat COVID-19 disease include antiviral drugs (e.g., hydroxychloroquine and remdesivir),
antipyretics, non-steroidal anti-inflammatory drugs, mechanical ventilation, and oxygen
supplementation when needed [3,4]. Along with many efforts to develop vaccines, there is
also a need to identify new drugs that could relieve the symptoms of COVID-19, attenuate
its side effects, and which also have the potential to reduce post-COVID-19 complications.
Moreover, it would be very useful to find a prognostic biomarker that can predict the
disease severity in a course of COVID-19. Some sulfur compounds presented in this
review are of interest for both these applications. To discuss the therapeutic and preventive
strategies and to identify the patients at higher risk of a serious or fatal disease, a better
understanding of the pathogenesis of the disease would be helpful.

The genome of SARS-CoV-2 belonging to the coronavirus family is a single-stranded
positive-sense RNA (+ssRNA) that is larger than other RNA viruses. Structural proteins
associated with the genome envelope include a glycoprotein called the S protein (spike
protein, S), a membrane protein (M), an envelope protein (E), and a nucleocapsid protein
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with RNA (Figure 1) [5]. A key, critical role in the process of the infection of host cells
by SARS-CoV-2 is played by the large spike protein because it allows the virus to enter
the cell and infect it [6,7]. From this point of view, the spike protein is an attractive target
for antiviral intervention. The S protein is a trimeric protein and each protomer is made
up of two subunits, S1 and S2. The S1 subunit consists of two domains, one of which is
the receptor-binding domain (RBD) and is responsible for recognizing and binding to the
angiotensin-converting enzyme 2 (ACE2) receptor on the host cell’s surface; the other is
the N-terminal domain (NTD) and is involved in the initial binding of the virus to the
cells [8]. The S2 subunit, in turn, plays an important role in viral and host cell fusion and
the internalization by endocytosis in respiratory epithelial cells. In its native form (as a
dimer of two subunits S1 and S2), the S protein is inactive, whereas during infection, it is
cleaved into the S1 and S2 subunits by host proteases, and this process is a fundamental
step in the fusion process [9] (Figure 2).

Figure 1. (A) Schematic representation of the structure of SARS-CoV-2. (B) The infection of the host
cell by SARS-CoV-2. TMPRSS2—a transmembrane serine protease 2 that cleaves a dimer of subunits
S1/S2 of spike protein making it possible to recognize the angiotensin-converting enzyme 2 (ACE2)
receptor on host cells. After fusion of the virus with the host cell, 3-chymotrypsin-like protease called
main protease (Mpro) and papain-like protease (PLpro) play a pivotal role in mediating the virus’
replication and transcription by cleaving polyproteins translated from the viral RNA to non-structural
proteins (NSP) that are crucial for genome replication and coronavirus virion production.
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Figure 2. Structure of the SARS-CoV-2 spike protein (PDB: 6VXX). (A) The S protein has a trimeric
structure and its three monomers are colored in red, green, and blue. (B) Each monomer of spike
protein consists of two subunits, S1 and S2. S1 subunit has two domains: RBD—receptor-binding
domain and NTD—N-terminal domain. RBD domain is responsible for recognizing and binding to the
angiotensin-converting enzyme 2 (ACE2) receptor on the host cell surface; NTD domain is involved
in the initial binding of the virus to cells. Cleavage of S1/S2 dimer by TMPRSS2 (transmembrane
serine protease 2) activates spike protein leading to the host cell infection.

Cleavage of the S protein occurs mainly under the influence of a specific transmem-
brane serine protease 2 (TMPRSS2) found in the cell membranes in various tissues including
the human respiratory tract [10–12]. In the case of SARS-CoV-2, to enter host cells the virus
recognizes the angiotensin-converting enzyme 2 (ACE2) receptor on the host cells via the
receptor-binding domain (RBD). Taking into account the role of ACE2 and TMPRSS2 in
the development of infection, it can be concluded that by influencing the activity of these
proteins it is possible to limit the risk of the virus entering the host cells and spreading the
infection. ACE2 is a multi-tissue transmembrane protein that catalyzes the conversion of
proatherosclerotic angiotensin II to angiotensin 1–7 with anti-inflammatory and vasodilat-
ing properties [13]. The internalization of ACE2 by SARS-CoV-2 can lead to an increase in
angiotensin II concentration, which aggravates the lung damage initiated by the virus [14]
(Figure 1). In turn, two crucial cysteine proteases play a pivotal role in mediating the
replication and transcription of SARS-CoV-2, namely the main protease (Mpro) called also
3-chymotrypsin-like protease (3CLpro), and the papain-like protease (PLpro) [15]. Both pro-
teases attract a great deal of attention because their activity is critical for the virus’ lifecycle.
They cleave polyproteins translated from the viral RNA yielding non-structural proteins
that are crucial for genome replication and coronavirus virion production (Figure 1). Mpro
is an ideal target for antiviral drug design due to its highly conserved structure in different
coronavirus strains and the absence of its functional analogs in the human proteome. Mpro
hydrolyzes the viral polyprotein at more than 11 conserved sites. It is a homodimer with
a highly conserved active site divided into four (sub)sites (S1–S4). The Cys145 and His41
residues in the S1 (sub)site form the catalytic dyad and play a key role in the activity of
Mpro [16]. The formation of a covalent linkage of potential inhibitors with the Cys145
residue creates an opportunity for antiviral activity [17]. On the other hand, PLpro, the
second important SARS-CoV-2 protease, has a catalytic triad consisting of Cys112, His273,
and Asp287 in its active site (Figure 3). PLpro cleavages the viral polypeptide into func-
tional non-structural proteins and takes up ubiquitin (Ub), thereby suppressing the host’s
anti-viral reactions [15]. Therefore, both cysteine proteases, Mpro and PLpro, are equally
important for the viral lifecycle and have been intensively studied for their use as crucial
targets for drug development.
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Figure 3. Structures of two pivotal SARS-CoV-2 proteases: (A) main protease (Mpro) called
also 3-chymotrypsin-like protease (3CLpro) (PDB: 6LU7) and (B) papain-like protease (PLpro)
(PDB: 6WUU). Catalytic center is formed by Cys145 and His41 in Mpro and by Cys111, His272,
and Asp286 in PLpro.

Another protein gasdermin D (GSDMD) is also the focus of scientists’ attention in the
context of COVID-19. It belongs to the gasdermin family and serves as a specific substrate
for inflammatory caspase-1. Cleavage of GSDMD by caspase-1 leads to cell membrane
permeability, leakage of the cell contents, and finally to programmed cell death known as
pyroptosis [18]. It has been documented that cleavage of GSDMD and pyroptosis were
inhibited in human monocytes of patients with SARS-CoV-2 [19].

The inflammasomes are critical components of the immune system that regulate the
activation of caspase-1 and induce inflammation in response to infectious factors. Among
other inflammasomes, NLRP3 plays an important role in mediating caspase-1 activation
and the secretion of proinflammatory cytokines in response to microbial pathogens. It has
been reported that SARS-CoV-2 involves the inflammasomes in human monocytes, both in
patients infected experimentally as well as those with severe COVID-19 [20].

All these aspects combined with the entry of SARS-CoV-2 into the host cells (spike
protein, ACE2), the viral replication and transcription (cysteine proteases), and the cellular
immune response (inflammasome and GSDMD) are explored in the context of preventing
the spread of the virus and finding effective drugs that can relieve the symptoms of the
disease and will protect patients from severe illness. In this aspect, some sulfur compounds
including hydrogen sulfide (H2S), lipoic acid (LA), N-acetylcysteine (NAC), glutathione
(GSH), disulfiram (DSF), erdosteine, and ergothioneine (ET) have aroused the interest of
scientists due to their well-documented anti-inflammatory, antioxidant, and antiviral effects.
H2S has been recognized as the third gasotransmitter that is protective against oxidative
stress and has a modulatory role. NAC is regarded mainly as a precursor of cysteine
and glutathione and in this way, it exerts antioxidant effects. Moreover, the beneficial
action of NAC has been documented in a wide range of human diseases. GSH is the main
endogenous low-molecular-weight thiol, which has antioxidant properties. A decrease
in the level of GSH was observed in many pathologies including COVID-19. DSF is a
well-known inhibitor of aldehyde dehydrogenase that can also inhibit other enzymes with
cysteine residues, which is responsible for a broad spectrum of its pharmacological activity.
LA is an endogenous sulfur compound and strong antioxidant used clinically in some
pathologies including diabetes, cardiovascular disorders, and inflammation. Erdosteine is
regarded mainly as a mucolytic agent, however, it also possesses many other properties
including anti-inflammatory action. On the other hand, naturally occurring ET, besides its
antioxidant properties, also has anti-inflammatory potential and its decreased levels have
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been observed in some diseases. Taking into account the antioxidant, anti-inflammatory,
and antiviral effects of the mentioned sulfur compounds, it is not surprising that they
can be helpful in relieving the severe symptoms of COVID-19. The mechanisms of their
actions are mainly due to the possibility of the modification of cysteine residues in the
target proteins playing a key role in viral infection, replication, and transcription. Moreover,
they affect cellular immune responses through a reduction of proinflammatory and an
elevation of anti-inflammatory cytokines.

2. H2S and SARS-CoV-2

Hydrogen sulfide (H2S) was recognized as a gasotransmitter about thirty years
ago. It is synthesized endogenously in mammalian cells from L-cysteine (Cys-SH) in
reactions catalyzed by cystathionine β-synthase (CBS), cystathionine γ-lyase (CSE), and
3-mercaptopyruvate sulfurtransferase (MST). Synthesis of H2S from D-cysteine was also de-
scribed in peroxisomes in reactions catalyzed by D-amino acid oxidase (DAO) and MST [21].
Another important source of H2S is the human microbiome with sulfate-reducing bacteria
(SRB) able to reduce sulfate to H2S non-enzymatically [22,23]. H2S as a signaling molecule
plays its physiological role only at relatively low concentrations, whereas in higher concen-
trations it is toxic due to an inhibition of cytochrome oxidase and impairment of the cell
respiration [24,25]. H2S bioavailability is regulated through its conversion into different
forms of sulfane sulfur or by its efficient catabolism. Two main pools of H2S storage, which
can release free H2S under specific conditions, comprise bound sulfane sulfur and acid-
labile sulfur. Bound sulfane sulfurs mainly include persulfides (RSSH), polysulfides (RSnR,
n > 2), and inorganic polysulfides (H2Sn), whereas acid-labile sulfur consists of iron-sulfur
clusters contained in iron-sulfur proteins (Figure 4). The catabolism of H2S takes place in
the mitochondria via the “sulfide oxidizing pathway”, with thiosulfate and sulfate as the
end products of this pathway. The mitochondrial oxidation of H2S is catalyzed by sulfide
quinone oxidoreductase (SQR), persulfide dioxygenase (ETHE1), and rhodanese (TST) [26].
Currently, it is known that persulfides and polysulfides are largely responsible for the
biological actions attributed to H2S [27]. These reactive sulfur species are synthesized by
the same enzymes as those engaged in the formation of H2S. During the mitochondrial H2S
oxidation pathway, persulfides (e.g., sulfide quinone oxidoreductase persulfide, SQRSSH,
and glutathione persulfide, GSSH) are formed as the intermediates [26]. Moreover, these
two forms of reactive sulfur can easily merge into each other (Figure 4). Persulfides and
polysulfides, unlike H2S itself, can react with protein Cys groups leading to persulfidation.
This process is a kind of reversible covalent modification of proteins that can change their
function [28]. Therefore, when considering the physiological role of H2S and its many
pathological aspects including COVID-19, it should also be taken into account that some
of these effects are connected with persulfides and polysulfides. During the mitochon-
drial H2S oxidation pathway, persulfides (e.g., sulfide quinone oxidoreductase persulfide
SQRSSH and glutathione persulfide GSSH) are formed as the intermediates [26] (Figure 4).

It has been well-documented that H2S plays an important physiological role in the
nervous system [29], in the circulatory system [30], and in renal physiology [31,32]. H2S
has been also recognized as a mediator and therapeutic agent in diabetes [33,34] and
inflammation [35]. Recent studies that focused on COVID-19 drew attention to the potential
modulatory role of H2S in this viral respiratory disease.

The influence of H2S on ACE2 has already been documented in an artery mouse
model and cardiomyocytes [36]; however, the effect of H2S on ACE2 in pulmonary tissue
has, so far, not been sufficiently investigated and needs to be validated. Only one study
tested the in vitro effects of H2S donors (NaHS and GYY4137) on ACE2 and TMPRSS2
expression in human upper- and lower-airway epithelial cells. The authors showed that
H2S significantly reduced the expression of TMPRSS2 but that ACE2 mRNA expression was
not modulated by the used H2S donors, neither in bronchial nor in pulmonary cells [37].
In a prostate cell model, it was found that TMPRSS2 transcription could be inhibited
by H2S [38]. Hence, it can be hypothesized that in numerous pathological conditions
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associated with the reduced synthesis of endogenous H2S (e.g., diabetes, chronic kidney
disease, cardiovascular diseases) TMPRSS2 is overexpressed, which facilitates the entry
of SARS-CoV-2 into the host cells. It can be concluded that H2S can block the entry of
SARS-CoV-2 into the host cells by a down-regulation of TMPRSS2 expression and probably
by an inhibition of ACE2 activity.

Figure 4. Synthesis and mitochondrial catabolism of H2S. H2S is synthesized in most tissues from
L-cysteine in reactions catalyzed by cystathionine β-synthase (CBS), cystathionine γ-lyase (CSE), and
3-mercaptopyruvate sulfurtransferase (MST). In peroxisomes, H2S can be formed from D-cysteine
with participation of D-amino acid oxidase (DAO) and then with MST. Another source of H2S
in humans is derived from microbiome-containing sulfate-reducing bacteria (SRB). H2S coexists
in biological conditions in equilibrium with a pool of reactive sulfur, namely bound sulfane sulfur
(mainly persulfides and polysulfides) and acid-labile sulfur (mainly iron–sulfur clusters). Compounds
containing bound sulfane sulfur have been regarded not only as H2S storage form but also as
important molecules in redox regulation.

The possibility of viral entry interruption is not the only option for the anti-SARS-CoV-2
action of H2S. There are some evidences demonstrating that H2S or other reactive sulfur
compounds can inhibit many pathogenic RNA viruses [8,39–41]. In the case of respiratory
syncytial virus (RSV), it has been observed in an in vitro study that H2S diminished the
viral replication in A549 cells [41]. Moreover, the inhibitory effect of an H2S donor on RSV
replication was also confirmed in an in vivo study using a mouse model [42]. Interestingly,
it has been documented that infection with RSV inhibits CSE expression and induces
expression of SQR, thereby contributing to the reduction in H2S in airway epithelial cells
A549. On the other hand, these authors observed increased viral replication in cells treated
with a specific CSE inhibitor [41]. Moreover, another study demonstrated that the CSE
gene knockout mice developed enhanced RSV-induced lung damage and viral replication
compared to the control mice [43]. The effect of H2S has also been studied in other RNA
virus models. For example, in an in vitro model of influenza infection, the commonly used
H2S donor, GYY4137, decreased the expression of influenza viral mRNA [39]. According to
these findings, it seems that H2S donors could be also effective in inhibiting the replication
of SARS-CoV-2, however, there is currently no direct evidence.

Serious cases of SARS-CoV-2 have been shown to be associated with the pro-
inflammatory response and cytokine storm [44,45]. High levels of pro-inflammatory cy-
tokines, including IL-1β, IL-6, IL-8, and TNF have been found in SARS-CoV-2 patients [46].
IL-6 has been considered the main and most relevant parameter in predicting the most
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severe course of respiratory failure, lung injury, and death in COVID-19 [47]. It has been
documented in earlier studies that H2S is an effective down-regulator of IL-6 [48,49]. More-
over, recent studies also confirmed that H2S or its naturally occurring donors including
diallyl disulfide or sulforaphane significantly reduced IL-6 and IL-8 release, inhibited TNF,
and increased the anti-inflammatory IL-10 [50–52]. Recently, Renieris et al. evaluated
the levels of IL-6, CRP, and TNF as well as the level of H2S in the serum of patients with
COVID-19 [53]. Interestingly, their study revealed a correlation between the H2S level and
the severity of disease progression, final outcome, and cytokine production. A significantly
higher serum level of H2S was detected on the 1st and 7th day after admission to hospital
in survivors, whereas mortality was significantly greater among patients with decreased
H2S levels. Moreover, serum H2S on day 1 was negatively correlated with the level of IL-6
and CRP. The authors concluded their study by proposing H2S as a potential marker for
the severity and final outcome of pneumonia induced by SARS-CoV-2 [53].

One of the well-established mechanisms of the anti-inflammatory action of H2S is
related to the inhibition of NFKB activity. H2S blocks NFKB activation through persulfi-
dation of IκB bound to NFKB. In this way, H2S prevents the translocation of NFKB into
the nucleus [54]. This mechanism seems to be important as an anti-inflammatory action
of H2S in COVID-19 therapy since the excessive NFKB activation is involved in the lung
inflammatory process induced by SARS-CoV-2. Moreover, it has been documented that the
SARS-CoV-2 spike protein is associated with increased degradation of IκB, leading to the
NFKB signaling pathway activation [55,56].

It has been found that physiological concentrations of H2S inhibit the activity of the
NLRP3 inflammasome and reduce the production of pro-inflammatory cytokines in vitro
and in vivo [57,58]. On the other hand, a decreased level of H2S has been reported in the
plasma of patients with COVID-19 [53,59], which suggests increased activity of NLRP3 and
an aggravation of inflammation.

Viral diseases, including COVID-19, are accompanied usually by an overproduction of
thick, difficultto-remove mucus. Mucins, the major mucus proteins, are rich in Cys-SH and
can form massive aggregates, which are stabilized by intra- and intermolecular disulfide
bridges [60]. It has been documented that H2S is able to modulate mucolytic activity and
make the mucus less viscous. This appears to result from the interactions of H2S with the
disulfide bonds of mucins, leading to reductions in the latter, which makes the mucus less
viscous [61]. Moreover, exogenous H2S shows an antiabsorptive effect on the electrolyte-
absorbing pulmonary epithelia [62]. This action of H2S leads to an increase in mucociliary
clearance and makes the elimination of foreign microorganisms more effective [61].

More recently, Dominic et al. assessed the relationship between the availability of
various biological pools of reactive sulfur including free H2S, bound sulfane sulfur, and
acid-labile sulfur, and the NO level in patients with COVID-19 [63]. The obtained results
clearly demonstrated a significantly reduced level of total and free sulfides and acid-labile
sulfur. Among various studied sulfide metabolites, only bound sulfane sulfur remained
unaffected by COVID-19. Moreover, the levels of total NO, free nitrite, and S-nitrosothiol
metabolites have been found to be diminished in the serum of COVID-19 patients [63].
These results unquestionably indicate that COVID-19 is a pathology that is related to
disturbances in the RSS homeostasis. Moreover, both above-cited papers suggest that free
H2S or its total and acid-labile forms can be useful as prognostic biomarkers in a course of
COVID-19.

3. NAC as a Drug for COVID-19 Treatment

N-acetylcysteine (NAC) is the N-acetyl derivative of the amino acid Cys. NAC easily
penetrates cells where it is deacetylated to yield Cys, thereby promoting GSH synthesis. The
thiol group confers antioxidant effects and is able to reduce ROS. NAC has aroused scientific
interest for decades due to its important biochemical and pharmacological properties. It is
useful as a mucolytic agent for the treatment of chronic bronchitis and other pulmonary
diseases complicated by the production of viscous mucus [64]. It is also used as an antidote
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to paracetamol (acetaminophen) poisoning [65]. Although the therapeutic properties of
NAC have been known for over half a century, subsequent scientific reports indicate an
increasingly wider spectrum of its pharmacological activity. More recent studies have
investigated the potential use of NAC in psychiatric and neurological disorders including
Alzheimer’s and Parkinson’s diseases, schizophrenia, depression, bipolar disorder [66–69],
and drug use disorder [70]. Moreover, the available data suggest that NAC may be
beneficial in preventing the cognitive decline associated with both acute physiological
insults and dementia-related disorders [71,72]. NAC has been also used to treat acute liver
failure [73], spermatogenesis disorders [74], and dermatological diseases [75]. Furthermore,
NAC exerts antiviral effects. In studies conducted in H5N1-infected lung epithelial (A549)
cells, Geiler et al. showed that NAC inhibited the replication of seasonal human influenza
A viruses and decreased the production of pro-inflammatory molecules. In the authors’
opinion, the antiviral and anti-inflammatory mechanisms of NAC action are associated with
the inhibition of the activation of oxidant-sensitive pathways, including transcription factor
NFκB and mitogen-activated protein kinase p38 [76]. It has also been demonstrated that
the daily administration of NAC at 600 mg to postmenopausal women strengthened their
immune defenses thereby decreasing the probability of immune system-related diseases
in aging, including infections. The effects of NAC were monitored by measuring several
lymphocyte functions (adherence, chemotaxis, proliferation, and natural killer activity),
neutrophil functions (adherence, chemotaxis, phagocytosis, and superoxide), as well as
cytokine levels, such as IL-2, IL-8, and TNF-α [77]. Interestingly, one study described the
use of NAC in a one-month-old full-term male (4.5 kg) who was diagnosed with gastric
lactobezoar, which is an aggregation of mucus and undigested milk and can obstruct any
part of the digestive tract. This illness was successfully treated with a 10 mg/kg/dose
of NAC that was given every 6 h for a total of 4 days [78]. Taking into account all the
above-mentioned activities of NAC, it is not surprising that in looking for effective drugs
to treat severe cases of COVID-19, attention was drawn to NAC.

One of the first clinical studies revealed a therapeutic blockade of inflammation in se-
vere COVID-19 infection by NAC. The drug was administrated intravenously to COVID-19-
infected respirator-dependent patients and a clinical improvement was observed in all
patients [79]. Moreover, in this study, a severe case of COVID-19 infection in a glucose
6-phosphate dehydrogenase-deficient patient was described. This deficiency facilitates
infection due to GSH depletion and predisposes erythrocytes to hemolysis. Treatment of
this patient with hydroxychloroquine together with an intravenous administration of NAC
allowed his removal from the respirator reduced his CRP, and blocked the hemolysis [79].
This study, however promising, is unreliable because it was conducted in a very small
group of nine patients and only a few biochemical parameters were measured. A recent
two-center retrospective cohort study provides much more information related to the ef-
fectiveness of NAC in the treatment of COVID-19 [80]. This study included 82 patients
hospitalized with moderate or severe COVID-19 pneumonia and half of them, apart from
standard care, received additional NAC at a dose of 1200 mg orally for 14 days. The
second half of the patients received standard care. The obtained results revealed that the
treatment with NAC slowed down the progression to severe respiratory failure compared
to the control group. A lower mortality rate was observed in patients treated with NAC
compared to the controls. These results confirm the hypothesis about the potential of NAC
and its use as adjunctive therapy in COVID-19. The great advantages of NAC include the
low cost of therapy, and the high tolerability and safety of NAC, even when high doses are
used for a relatively long time.

NAC is offered as a drug to treat COVID-19 due to its well-documented anti-
inflammatory and antiviral activity [81]. It has been demonstrated that NAC inhibits
the NFκB pathway and reduces the replication of human influenza viruses in human lung
epithelial cells. Moreover, NAC exhibits anti-inflammatory properties reducing the produc-
tion of proinflammatory cytokines IL-6 and IL-8 [76,82]. Some papers suggest that the oral
administration of NAC significantly decreased the frequency and severity of influenza and
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other viral diseases and could reduce the incidence of pneumonia [83] as well as improve
oxygenation and reduce the need for ventilation support in acute lung injuries [84]. Some
studies performed in oxygen–glucose-deprived rat cardiomyocyte H9C2 that was used as
the cellular model for myocardial infarction, revealed that NAC suppressed the activity of
NLRP3 and the activation of GSDMD and also reduced the NFκB [85].

For a long time, NAC has been regarded mainly as a mucolytic agent, powerful
antioxidant, and GSH precursor. However, when we carefully review the available papers
regarding this topic, some of them do not support this activity. For example, a study by
Ehre et al. has found that NAC is ineffective in altering sputum biophysical properties
due to its low reducing activity [86]. It has also been thought that NAC can protect cells
against oxidative stress through direct-scavenging ROS. However, as recently analyzed
by Pedre et al., the rate constants of this reaction are rather slow, suggesting that other
endogenous thiols (i.e., GSH) may be more efficient in ROS scavenging [87]. An increase in
the GSH concentration after NAC administration is also questionable since some reports
have not found changes in the GSH level or have shown that NAC exerts a beneficial
effect even when the synthesis of GSH was blocked [88]. Given the documented beneficial
effects of NAC and no explanation of its cytoprotective mechanisms, it seems that it can be
converted inside cells to other species possessing stronger antioxidant properties. A study
by Ezerina et al. found that NAC functions as an antioxidant by triggering the production of
intracellular H2S and other sulfane sulfur-containing compounds [89]. In this aspect, NAC
could serve as a precursor of other reactive sulfur species, such as H2S or sulfane sulfur [90],
and its action could be particularly beneficial in patients with severe COVID-19 since, as
mentioned above, a low H2S concentration was detected in the serum of these patients.
The proposed protective action of H2S and NAC against COVID-19 is presented in Figure 5.
It seems that NAC derivatives, such as NAC polysulfide [91], superoxide-responsive
persulfide donor (SOPD-NAC) [92], and ester disulfide prodrug (EDP-NAC) [93], used as
polysulfide or persulfide precursors can also be useful in the treatment of COVID-19. NAC
persulfides are regarded as a powerful antioxidant and reductive species, and it could be
expected that they will exert even greater anti-inflammatory and antiviral effects than NAC.

Figure 5. Potential protective role of H2S and NAC against COVID-19. H2S and NAC exert anti-
inflammatory action through inhibition of NLRP3 inflammasome activity, GSDMD activity, reduction
of proinflammatory cytokine production (IL-6 and IL-8), an increase in anti-inflammatory cytokine
IL-10. The activity of tumor necrosis factor (TNF) and transcription factor NFkB can also be inhibited
by H2S and NAC. H2S and NAC can block the entry of SARS-CoV-2 into host cells by suppressing
the transmembrane serine protease 2 (TMPRSS2) activity and the receptor angiotensin-converting
enzyme 2 (ACE2) activity. Moreover, NAC and H2S can modulate mucolytic activity and make the
mucus less viscous and reduce the level of 7-ketocholesterol (7KC).
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Interestingly, NAC also influences the metabolism of oxysterols, which are oxidized
forms of cholesterol and often show greater biological activity than cholesterol itself. Oxys-
terols are characterized by their pleiotropic effects on various types of cells in the body and,
therefore, often have opposite effects. Unlike cholesterol, they can cross the blood–brain
barrier and affect the functioning of the nervous system. Many studies have shown that
oxidized forms of cholesterol can regulate the activity of the cells of the immune system
and, thus, can have an impact on the immune response in the course of viral diseases,
including COVID-19 [94]. The importance of oxysterols in the course of infectious diseases
is additionally emphasized by the fact that in the acute phase of COVID-19, the blood
level of the antiviral 27-hydroxycholesterol significantly decreases, whereas the levels of
7β-hydroxycholesterol and 7-ketocholesterol (7KC) increase [95]. However, it is known
that 7KC can contribute to the pathophysiology of COVID-19 due to its pro-oxidant and
pro-inflammatory properties as well as its ability to promote cell death, which, combined
with disturbances such as high BMI, diabetes, dyslipidemia, and cardiovascular disease,
increases the risk of severe COVID-19 [96]. Hence, many authors postulate the use of statins
in patients with severe COVID-19 to reduce the level of cholesterol and thus oxysterols,
by inhibiting the 3-hydroxy-3-methylglutaryl-CoA reductase, which is the key enzyme for
the synthesis of cholesterol [96,97]. Other compounds that could lower the level of “bad
oxysterols”, mainly 7KC and 7β-hydroxycholesterol, are also being sought to assist in the
treatment of COVID-19 patients. Among such compounds, numerous natural compounds
such as vitamins and antioxidants are mentioned [98].

Studies conducted on the human umbilical vein endothelial cells (HUVECs) showed
that the 7β-hydroxycholesterol-stimulated production of ROS was inhibited in the presence
of NAC [99]. In addition, Wang et al. revealed in in vitro studies that the increasing effect
of 7KC on the level of superoxide radicals was eliminated by a 30 min pretreatment of cells
with NAC [100]. A study by Lizard et al. demonstrated that the addition of NAC was able
to impair the 7KC-induced apoptosis [101]. Taken together, NAC can exert an additional
beneficial effect in the course of COVID-19 by lowering the level of 7KC that is increased in
the plasma of patients with severe forms of COVID-19. It can be especially important in the
case of elderly patients because the increased level of toxic 7KC is associated with many
disabilities related to aging [102]. All aspects of the pharmacological action of NAC and
H2S are presented in Figure 5.

4. Disulfiram in COVID-19 Treatment

Disulfiram (1-(diethylthiocarbamoyldisulfanyl)-N,N-diethyl-methanethioamide, DSF,
also known by other names: tetraethylthiuram disulfide, antabuse) is a derivative of
thiuram and a well-known inhibitor of aldehyde dehydrogenases (ALDHs) that catalyzes
the oxidation of aldehydes to carboxylic acids. Among the 19 enzymes of the ALDH family,
ALDH class-2 (ALDH2), a mitochondrial enzyme highly expressed in the liver, plays a
major role in the acetaldehyde metabolism into nontoxic acetic acid [103]. By inhibiting
ALDH2 activity, DSF causes ethyl alcohol intolerance due to poisoning with acetaldehyde,
the concentration of which is high after ethanol consumption. For this reason, DSF has
been a drug used in alcohol aversion therapy for over 70 years. It should be added that
drinking alcohol during treatment with DSF not only makes one feel unwell but can also
be life-threatening. From this point of view, the use of DSF as a treatment in patients with
alcoholism is regarded by many people as an unethical therapy because it is connected
with the risk of poisoning and even a loss of life.

On the other hand, recent studies indicate that DSF is able to inhibit other enzymes,
by reacting—as in the case of ALDH—with important Cys residues, suggesting its phar-
macological activity. For this reason, DSF has been studied as a possible treatment for
cancer [104], parasitic infections [105], and latent human immunodeficiency virus HIV
infection [106].
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In 2018, it was shown that DSF might inhibit the papain-like protease (PLpro) of
MERS-CoV and SARS-CoV. In the same study, it was also shown that DSF acted as an
allosteric inhibitor of MERS-CoV PLpro but as a competitive (or mixed) inhibitor of SARS-
CoV PLpro [107]. It is worth recalling that PLpro is an essential coronavirus enzyme that
is required for processing viral polyproteins to generate a functional replicase complex
and to enable viral spread. Currently, DSF is increasingly studied as a possible treatment
for SARS-CoV-2 infection. Tamburin et al. explored whether patients treated with DSF
for alcohol use disorder (AUD) had reduced COVID-19 and related symptoms. It was a
multicenter observational retrospective study based on telephone interviews with patients
aged > 18 with AUD living in Northern Italy (Lombardy, Veneto, Emilia Romagna, Pied-
mont, and Liguria regions), where the first COVID-19 peak was more severe in spring 2020.
Admittedly, the authors found no significant difference in the incidences of laboratory-
confirmed COVID-19, related hospitalization, or pneumonia, but the symptoms compatible
with COVID-19 were significantly less common in DSF group [108]. In turn, Fillmore et al.
investigated the potential effects of DSF on SARS-CoV-2 infection and disease severity in an
observational study using a large database of clinical records from the national US Veterans
Health Administration system. Statistical analysis of the obtained data revealed a reduced
risk of SARS-CoV-2 infection with DSF use at a hazard ratio of 0.66 (34% lower risk, 95%
confidence interval 24–43%). Moreover, there were no COVID-19-related deaths among
the 188 SARS-CoV-2-positive patients treated with DSF, in contrast to the 5–6 statistically
expected deaths based on the untreated population. These epidemiological data obtained
by the authors suggest that DSF may contribute to the reduced incidence and severity of
COVID-19 [109].

DSF and other structurally diverse compounds have also been found to be the main
protease (Mpro) inhibitors. It has been recently reported that DSF inhibited the SARS-CoV-2
Mpro with an IC50 value of 9.35 ± 0.18 µM that was assayed by fluorescence resonance
energy transfer [110]. Ma et al. demonstrated that DSF was a promiscuous cysteine
protease inhibitor that inhibited both the Mpro and PLpro of SARS-CoV-2 in the absence
of dithiothreitol (DTT) and that this inhibition was abolished by the addition of reducing
reagents (DTT or GSH) [19]. Lobo-Galo et al. have provided in silico data showing that the
catalytic Cys145 of Mpro from coronavirus SARS-CoV-2 could be blocked and inactivated
by DSF [97], which is presented in Figure 6. DSF in in vivo conditions was rapidly reduced
to form N,N-diethyldithiocarbamate (DDC), which is a DSF monomer. Other metabolites
of DSF include S-methyl N,N-diethyldithiocarbamoyl sulfide (MeDDTC); S-methyl-N,N-
diethyldithiocarbamoyl sulfoxide (MeDDTC-SO), S-methyl-N,N-diethyldithiocarbamoyl
sulfone (MeDDTC-SO2), S-methyl-N,N-diethylthiocarbamoyl sulfoxide (MeDTC-SO), and
S-methyl-N,N-diethylthiocarbamoyl sulfone (MeDTC-SO2). It has been suggested that not
only DSF but also the products of its metabolism, have the ability to inhibit SARS-CoV-2
virus replication by modification of the Cys145 thiol group, similar to DSF [111] (Figure 6).
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Figure 6. (A) A possible mechanism of modification of the catalytic Cys145 of SARS-CoV-2
Mpro by disulfiram (DSF) leading to the inhibition of Mpro activity. (B) The products of DSF
metabolism that have the ability to inhibit SARS-CoV-2 include N,N-diethyldithiocarbamate (DDC);
S-methyl N,N-diethyldithiocarbamoyl sulfide (MeDDTC); S-methyl-N,N-diethyldithiocarbamoyl
sulfoxide (MeDDTC-SO); S-methyl-N,N-diethyldithiocarbamoyl sulfone (MeDDTC-SO2); S-methyl-
N,N-diethylthiocarbamoyl sulfoxide (MeDTC-SO); and S-methyl-N,N-diethylthiocarbamoyl sulfone
(MeDTC-SO2). The mechanism of the Mpro inhibition by these compounds is similar to that presented
for DSF (for details see [112]).

It has also been found that DSF can affect GSDMD activity and pyroptosis. A recent
study by Hu et al. revealed that DSF inhibited both pyroptosis and cytokine release in
cells and lipopolysaccharide (LPS)-induced septic death in mice. It has also been shown
that at nanomolar concentrations, DSF covalently modifies human/mouse Cys191/Cys192
in GSDMD leading to a blockade of the pore formation. According to the authors, the
role of DSF in inhibiting GSDMD provides new therapeutic indications for repurposing
this well-known drug to counteract inflammation, which contributes to many human
diseases [113]. Moreover, Adrover et al. demonstrated that DSF under experimental
conditions appeared to confer more benefits on lung pathology in SARS-CoV-2-infected
hamsters than dexamethasone, widely used for COVID-19 treatment. The authors also
showed that dexamethasone, but not DSF, significantly increased the viral load in the lungs
when administered from day 1 post-infection [114]. It is worth adding that many authors
warn against the unfavorable effects of corticoid therapies on respiratory viruses [115]. In
our opinion, if further research reliably confirms that DSF is a more beneficial alternative
to corticoids in the treatment of inflammation of the respiratory tract, it will be a real
breakthrough in practical clinical medicine.

Thus, in light of the presented data, it seems appropriate to recommend testing DSF—
an alcoholism-averting drug—for its potency to control SARS-CoV-2 infection, considering
that it has been previously proposed as an antimicrobial and anti-SARS and MERS agent,
safe to use even at higher doses, and with a low side-effect profile. Some mechanisms of
the protective action of DSF against COVID-19 are presented in Figure 7.



Antioxidants 2022, 11, 1053 13 of 28

Figure 7. Some mechanisms of protective action of DSF against COVID-19. DSF inhibits the papain-
like protease (PLpro) and main protease (Mpro) of SARS-CoV-2; both enzymes are essential to the
replication and transcription of the virus. DSF can also affect GSDMD activity and in this way inhibit
pyroptosis and cytokine release.

5. Lipoic Acid (LA) and COVID-19

Lipoic acid (1,2-dithiolane 3-pentanoic acid, LA) and its reduced form dihydrolipoic
acid (DHLA) are naturally occurring sulfur compounds. In mammals, LA is synthesized in
very small quantities in the liver and other tissues and is used as a coenzyme indispens-
able for the activity of multienzymatic complexes that play a key role in mitochondrial
energy metabolism. In these enzymatic complexes, LA is linked by an amide bond to the
ε-amino group of a lysine residue of the protein. A beneficial effect of LA was confirmed in
cancer, diabetes, and neurodegenerative and cardiovascular disorders [116]. It has been sug-
gested that the mechanisms of LA’s therapeutic action are based on the strong antioxidant
properties of the LA/DHLA system. Looking at the potential redox values, we can see that
DHLA can participate in reduction reactions, both neutralizing ROS and regenerating oxi-
dized forms of other antioxidants, including oxidized glutathione (GSSG) [117,118]. Goraca
and Skibska reported protective effects of early LA administration against LPS-induced
oxidative stress in the rat lung [119]. Liu et al. demonstrated that LA also attenuated
LPS-induced liver injury, which was evidenced by the determination of the plasma ala-
nine and aspartate aminotransferases [120]. Some studies also suggest that not only LA
but also products of its degradation show anti-inflammatory activity. The animal studies
indicated that zymosan-induced peritonitis was significantly inhibited in groups receiving
2,4-bismethylthio-butanoic acid (BMTBA), which is the product of LA biotransformation.
Moreover, the same study reported anti-inflammatory effects of BMTBA and a DHLA
analog—tetranor-dihydrolipoic acid (tetranor-DHLA) in the carrageenan-induced hind
paw edema models in mice [121]. The structures of LA and its derivatives are presented in
Figure 8.

Antiviral effects of LA have also been reported. The study of Jariwalla et al. indicated
that supplementation with LA might positively impact patients with HIV and acquired
immune deficiency syndrome [122]. In turn, Berkson described the positive effects of
LA administered together with silymarin and selenium in three patients with cirrhosis,
portal hypertension, and esophageal varices secondary to chronic hepatitis C infection. The
applied therapy eliminated the need for liver transplantation [123]. The antibacterial effect
of LA has not been so clearly demonstrated, however, there are several studies showing its
effectiveness in this area [124,125].
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Figure 8. (A) Structures of lipoic acid (LA), dihydrolipoic acid (DHLA), and products of its biotransfor-
mation: 2,4–bismethylthio-butanoic acid (BMTBA) and tetranor-dihydrolipoic acid (tetranor-DHLA).
(B) Modification of Cys residue by LA through thiol–disulfide exchange (modified from [126]).

An increasing body of literature data indicates that LA may boost also human host
defense against SARS-CoV-2 [127,128]. It is commonly known that the LA/DHLA system
inhibits NFkB signaling with a decrease in pro-inflammatory cytokine secretion. Moreover,
by preventing the oxidative depletion of tetrahydrobiopterin (BH4), an essential cofactor
for the production of NO by the NO synthases (NOS), LA can restore the NOS activity
resulting in an increase in NO bioavailability, and thus, it can improve the endothelial
function [129]. It is also necessary to remember that the LA/DHLA system can directly
scavenge the ROS or can restore the reduced form of GSH and other antioxidants, thus
enhancing endogenous antioxidant protection. Moreover, LA stimulates GSH synthesis
by increasing cellular Cys uptake and by activating the nuclear erythroid 2-related factor
2—antioxidant response element (Nrf2—ARE) signaling pathways. Nrf2 is a basic region
leucine-zipper transcription factor that binds to the ARE, thereby regulating the expression
of a large battery of genes involved in the cellular antioxidant and anti-inflammatory
defense as well as mitochondrial protection [130]. Studies on the HepG2 cell line have
shown that cadmium induced cell death by a depletion of GSH through the inactivation
of Nrf2. On the other hand, when LA was added to cadmium-treated cells, Nrf2 reac-
tivation and GSH regeneration were observed by elevating the Nrf2-downstream genes
γ-glutamate-cysteine ligase (γ-GCL) and glutathione reductase (GR), both of which are
key enzymes for GSH synthesis [131]. Moreover, as a cofactor of a few multienzymatic
mitochondrial complexes catalyzing oxidative decarboxylation of α-ketoacids (pyruvate,
α-ketoglutarate, branched-chain α-ketoacids, α-ketoadipate), LA/DHLA influences the
supply of reducing equivalents (NAD+/NADH). This complex analysis could open a new
therapeutic perspective for LA in COVID-19 infection.

A study in 17 patients critically ill with COVID-19 in Wuhan JinYinTan Hospital
demonstrated that LA treatment improved the 30 day survival rate of those patients
and slowed down the increase in the Sequential Organ Failure Assessment (SOFA) score,
however, both parameters did not reach statistical significance due to the limited number
of patients. According to the authors, the efficiency of LA in those patients was related to
the activity of LA as an antioxidant and anti-inflammatory agent [132]. Incidentally, SOFA
is a validated scoring system used to predict mortality in intensive care unit (ICU) patients.
The higher the SOFA score, the higher the likelihood of a patient’s death [20]. Hummel et al.
indicated that LA may be helpful in patients with post-upper respiratory tract infection
olfactory loss, which could fill a therapeutic void. According to the authors, the possible



Antioxidants 2022, 11, 1053 15 of 28

mechanisms of action include the release of nerve growth factors and antioxidant effects,
both of which may be helpful in the regeneration of olfactory receptor neurons [133]. Based
on the literature, Sayıner et al. hypothesized that LA could decrease the ACE2 activity
during infection with SARS-CoV-2 and could reduce the NADPH oxidase activity leading
to a suppression of the increase in cytokine expression [134].

Using the model of LPS-stimulated human epithelial lung cells that mimics the
pathogen-associated molecular pattern and reproduces the cell signaling pathways in
cytokine storm syndrome, it was shown that a combination of 50 µM LA and 5 µM palmi-
toylethanolamide (PEA) could reduce ROS and NO levels modulating the major cytokines
involved in COVID-19 infection [135]. The best outcome was observed when LA and PEA
were administered after LPS, thus reinforcing the hypothesis that LA combined with PEA
is able to modulate the key point of cytokine storm syndrome. In the authors’ opinion,
these results for the first time provide support to the conclusion that the combination of LA
with PEA may represent a novel intervention strategy to counteract inflammatory damage
related to COVID-19 by restoring the cascade activation of the immune response and by
acting as a powerful antioxidant [135].

Data indicate that LA can activate ATP-dependent K+ channels (Na+,K+-ATPase) [136,137].
Cure and Cure noted that LA, through activation of these channels, could increase the
intracellular pH (Na+,K+-ATPase pumps 2K+ into the cell and 3Na+ outside the cell). In
this way, LA was able to decrease the risk of the virus’ entry into the cell and increase the
human host’s defense against SARS-CoV-2 [138]. In addition, the authors observed that
the use of LA with insulin in patients with diabetes showed a synergistic effect against
SARS-CoV-2, therefore, LA treatment will be beneficial against COVID-19 in patients with
diabetes [138]. McCarty et al. in their review, highlight the importance of suppressing
NLRP3 inflammasome activation in the management of COVID-19 [139]. It has been re-
ported that H2S inhibits NLRP3 inflammasome activity [57], which means that compounds
that support H2S synthesis or are its precursors may aid this effect. It should be noted that
Mikami et al. demonstrated that 3-mercaptopyruvate sulfurtransferase (MST) produced
H2S from thiosulfate only in the presence of such factors as DTT or DHLA, but in the
presence of DHLA, the production of H2S was greater than in the presence of DTT [140].
Studies by other authors also show that the biological actions of LA may be associated
with sulfane sulfur and H2S metabolism [141–143]. Some authors suggested that LA could
possibly participate in the thiol–disulfide exchange with critical redox-sensitive thiol groups
according to the reaction presented in Figure 8B [126]. This process is analogous to the
process of modification of Mpro by the above-mentioned DSF and its metabolites.

The biological potential of LA against COVID-19 is presented in Figure 9.

Figure 9. Biological potential of LA in the fight against COVID-19. LA exerts anti-inflammatory action
via inhibiting the activity of NFkB and NLRP3 inflammasomes and activating the nuclear erythroid
2-related factor 2 (Nrf2). LA decreases the risk of SARS-CoV-2 entry into the cell by increasing the
intracellular pH. Moreover, LA may decrease the activity of the angiotensin-converting enzyme 2
(ACE2) receptor.
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6. Glutathione (GSH) in COVID-19

Glutathione is a ubiquitous tripeptide composed of glutamate (Glu), cysteine (Cys),
and glycine (Gly) containing an unusual γ-peptide bond between Glu and Cys. GSH
is synthesized in two ATP-dependent reactions catalyzed by glutamate-cysteine ligase
(GCL) and glutathione synthase (GS). GSH fulfills its biological role in reduced, thiol
form, however, it can also exist in the oxidized form of glutathione disulfide (GSSG).
The level of intracellular GSH in the millimolar concentration range is balanced by its
synthesis, regeneration from the GSSG, and extracellular GSH uptake catalyzed by γ-
glutamyl transferase (γ-GT) and dipeptidase (DP). GSH is regarded as the main low
molecular-weight antioxidant agent, which can scavenge free radicals directly or as a
coenzyme for glutathione peroxidase (GPx). As a result of these reactions, GSH is oxidized
to GSSG and then the reduced form of glutathione can be restored in the reaction catalyzed
by the NADPH-dependent glutathione reductase (GR). GSH as a reductant fulfills an
important role in protecting protein-SH residues from oxidation; it also takes part in
the reduction of protein mixed disulfides (PSSG). Furthermore, GSH is involved in the
detoxification of xenobiotics catalyzed by glutathione S-transferase (GST). It is believed
that GSH plays a central role in the control of many processes, such as immune response,
antiviral defense, detoxification, and protein folding [144].

Different risk factors including age, hypertension, heart disease, diabetes, obesity and
other metabolic disorders, and smoking have been regarded as predisposing people to a
severe course of COVID-19 and high mortality. In all these states, a decrease in the level of
GSH was observed [145–150]. A depletion of GSH leads not only to a loss of its protective
role in the organs but also to an impairment of the immune system function, especially
the T lymphocytes and macrophages. This fact may be associated with the high incidence
of secondary infection in patients with COVID-19 [151]. It has also been shown that GSH
exerts antiviral effects against some viruses including influenza, dengue virus, and herpes
simplex virus [111,152,153]. As suggested by Khanfar and Qaroot in their paper, due to
the key role of GSH in antioxidant defense and in supporting the immune system, this
tripeptide may be at the core of COVID-19 pathophysiology [151].

It has been found that different types of viruses, including influenza, deplete cellular
GSH and promote a pro-oxidant environment in the infected cells [154]. Bartolini et al.
studied the effect of viral infection induced by SARS-CoV-2 in Vero E6 cells, regarded
as an in vitro model of COVID-19 infection, on GSH homeostasis. This study revealed
that SARS-CoV-2 markedly decreased the cellular level of GSH and other thiols. The
authors explained this effect mostly by a reduced capability of the infected cells to sustain
the GSH synthesis due to the limited response of cells to NAC being a precursor of Cys
regarded as a rate-limiting factor in GSH synthesis. An increased level of GSSG and the
protein glutathionylation (PSSG) was also observed in Vero E6 cells infected by SARS-CoV-2
compared to control cells [155].

Moreover, studies performed in patients with COVID-19 confirmed that SARS-CoV-2
significantly affected GSH homeostasis. Kumar et al. measured the concentrations of GSH
and GSSG as well as the concentration of an oxidative stress marker and oxidant damage
marker in 60 adult patients hospitalized with COVID-19. They observed a severe GSH
deficiency, increased oxidative stress, and elevated oxidative damage in all studied patients
when compared to uninfected controls [29]. Moreover, patients were divided into age
groups and the authors reported that elevated oxidative damage and depletion of GSH
worsened with advancing age; however, the GSH deficiency was also present in young
COVID-19 patients. The authors suggested that supplementation with NAC and Gly might
afford effective, powerful cellular protection from oxidative stress and the depletion of
GSH in COVID-19 patients [29]. NAC is a commonly known precursor of Cys regarded as
the rate-limiting factor in GSH synthesis, whereas Gly is an important metabolite in many
reactions and also the substrate needed for GSH synthesis. Some clinical trials have shown
that supplementation with a combination of NAC and Gly successfully lowers oxidative
stress, raises GSH levels, and importantly, does not trigger reductive stress [156,157].
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One paper reported the efficacy of glutathione therapy in relieving dyspnea associated
with COVID-19 pneumonia. It is a case study of two patients with dyspnea secondary
to COVID-19 pneumonia that were administered a high dose (2000 mg per day) of GSH
orally or intravenously. The authors noted an alleviation of dyspnea within 1 h of GSH
use, and repeated administration of GSH was effective in further relieving respiratory
symptoms [158]. It is the only paper reporting a successful clinical action of GSH in
respiratory symptoms during COVID-19; unfortunately, it is limited to only two cases.
Furthermore, it should be pointed out that in this study GSH treatment was accompanied
by the administration of ascorbic acid and other sulfur compounds with powerful biological
potential, i.e., NAC and LA. It can be concluded that the observed effect of dyspnea relief is
a combined effect of all used treatments. The common mechanisms of the anti-inflammatory
action of the used compounds, including GSH, LA, and NAC, involve the inhibition of
NFκB activation.

GSH, similar to the above-discussed NAC, can also protect cells against 7KC-induced
damage [101]. It is not surprising since NAC is regarded as a GSH precursor. Moreover,
there is a lot of evidence that antioxidants, including endogenous and synthetic molecules
as well as natural polyphenols, have the potential to decrease the level of 7KC, a major
cholesterol oxidation product that is increased in patients with age-related diseases [98,159].
It can also be expected that the administration of GSH in severe COVID-19 cases would be
beneficial for patients in the context of 7KC as adjuvant therapy or after the severe phase of
infection has passed to prevent complications associated with a viral infection, especially
in elderly patients.

7. Erdosteine and COVID-19

Erdosteine [N-(carboxymethylthioacetyl)-homocysteine thiolactone] is characterized
by the presence of a carboxylic acid group and two sulfur atoms. It is metabolized in the
liver to the biologically active metabolite, N-thiodiglycolyl-homocysteine (Met I) (Figure 10).
Erdosteine is classified as a mucolytic agent [160], however, its much wider pharmacological
properties have been suggested [161]. Erdosteine and Met I exert antibacterial effects by
affecting the integrity of the tracheobronchial mucins and pilins. It is connected with a
reduction in the disulfide bonds present in mucins and pilins by the sulfhydryl group
of Met I. It has been proven that the combination of chosen doses of Met I and suitable
inhibitory concentrations of ciprofloxacin potentiated the inhibition of Staphylococcus aureus
and Escherichia coli adhesiveness to human mucosal cells in comparison with ciprofloxacin
alone [162]. Moreover, experimental studies have documented that erdosteine prevents or
reduces lung tissue damage induced by oxidative stress and, in particular, that Met 1 also
regulates reactive oxygen species production [163,164]. The meta-analysis performed by
Cazzola et al. has shown that erdosteine is able to improve the clinical score of patients
with chronic bronchitis and chronic obstructive pulmonary disease (COPD) [165]. These
data also suggest that erdosteine can lengthen the time to the first COPD exacerbation and
reduce the risk of hospitalization from COPD.

In October 2020, Recipharm AB, a pharmaceutical industry Contract Development
and Manufacturing Organization based in Stockholm, issued a press release to state that
erdosteine had been positively tested as a part of COVID-19 treatment [166]. The clinical
study involved 20 patients affected by COVID-19 with severe respiratory failure, hospi-
talized in one of the major COVID-19 treatment centers of Milan in Lombardy, an Italian
region heavily affected by SARS-CoV-2. The study indicated that patients taking erdosteine
after hospital discharge showed significant improvements in health-related quality of life
parameters (HRQoL) and dyspnoea. As the authors point out, this study is one of the
first to report HRQoL details in patients with COVID-19. The full study outcomes have
been described in detail and published [167]. Santus et al. also observed that patients
discharged from hospital after COVID-19-associated pneumonia often experienced per-
sistent symptoms (e.g., dyspnea, cough, fatigue), which affected their quality of life [167].
The authors performed a single-center open-label study to assess the impact of the oral
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erdosteine (300 mg twice daily) for 30 days in 38 patients discharged from hospital after
COVID-19-associated pneumonia who had persistent dyspnea. The patients completed
a questionnaire and the modified Medical Research Council dyspnea scale at the time of
discharge—day 0—and on day 30. The obtained results indicated that both scores im-
proved significantly in the treatment group between days 0 and 30, whereas there were no
significant changes in the control group. Moreover, on day 30, significantly more patients
in the treatment group than in the control group achieved clinically important changes in
HRQoL and symptoms [167].

Figure 10. Structures of (A) erdosteine [N-(carboxymethylthioacetyl)-homocysteine thiolactone] and
(B) its biologically active metabolite, N-thiodiglycolyl-homocysteine (Met I).

Erdosteine has a unique anti-inflammatory profile among mucolytic drugs. It has
been shown to reduce the production of isoprostane in the respiratory tract and to lower
the plasma concentration of the C-reactive protein (CRP) [168,169]. As mentioned above,
Met I, an active metabolite of erdosteine, having the -SH group, is capable of opening
disulfide bonds, including those of pilin, a protein of bacterial fimbriae. This induces
stereochemical conformational changes that interfere with the binding of bacterial adhesins
(fimbriae) to receptors on eukaryotic cells. Thus, erdosteine inhibits biofilm formation and
causes biofilm disruption, thereby improving the efficacy of antibiotic therapy [161,170,171].
This phenomenon is relevant to every situation in pneumonia or bronchitis. In COVID-19
patients, it is extremely important. It should be noted that mucolytic drugs are used quite
commonly in COVID-19 patients. Erdosteine is one of the most advanced mucolytics on
the market. It has been shown to reduce the number of recurrences of respiratory tract
infections treated with antibiotics in children [172]. Moreover, erdosteine is a prodrug, has
practically no side effects, shows no therapeutic interactions, and its efficacy was confirmed
by adequate clinical trials in people of a wide age range [161].

8. Ergothioneine and Its Potential in COVID-19 Treatment

Ergothioneine (2-mercaptohistidinetrimethylbetaine; ET) is a naturally occurring di-
etary amino acid with a sulfur atom on the imidazole ring (Figure 11). It is a thiol/thione
molecule synthesized only by some fungi and bacteria. The tautomeric equilibrium favors
the thione form. Dietary ET in animals (including humans) is absorbed using an intestinal
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transporter, OCTN1 (SLC22A4), that is, the first member of the human Novel Organic
Cation Transporters small subfamily, which is a part of the larger SLC22 family [173,174].
ET is easily absorbed following oral consumption and is accumulated in many tissues
including the liver, myocardium, and kidney which can suggest its important physiolog-
ical role [175]. ET has the ability to scavenge reactive oxygen species, especially during
increased oxidative stress, and decreased levels of ET have been observed in some dis-
eases [176–178]. Moreover, several lines of evidence based on in vitro and in vivo studies
show that ET produces anti-inflammatory action [179], protects against ischemia and reper-
fusion injury [180], and mitigates damage and fibrosis of the lung [181] and liver [182]. It
has been reported that plasma concentrations of ET decrease with age [183] and on the
other hand a low ET plasma level predisposes to an increased risk of cardiometabolic
disease and enhanced mortality [184].

Figure 11. Structure of ergothioneine (ET), namely 2–mercapto-histidine-trimethylbetaine. ET exists
in two tautomeric forms: thione and thiol, however, the thione form is prevailing.

Recently, the effects of ET were studied in human brain endothelial cell lines treated
with 7KC, the cholesterol oxidation product [185]. Endothelial cells are exposed to high
levels of 7KC in patients with cardiovascular disease, diabetes, and severe COVID-19.
7KC induces a loss of cell viability and increases apoptosis or necrosis of the endothelial
cells. The results obtained by Koh et al. revealed the anti-inflammatory effects of ET
and suggested that ET might be useful in the prevention of some neurovascular diseases.
Moreover, the authors discussed the possibility of ET use in COVID-19-related neurological
complications [185].

All these facts allow the supposition that ET may exert beneficial therapeutic effects in
COVID-19 or may provide prophylactic support, especially for the elderly, to reduce the risk
of severe course of this disease. Unfortunately, no studies have described the application of
ET for the treatment of COVID-19, yet. Only one review of the multidirectional biological
actions of ET discussed the possibility of the use of this naturally occurring amino acid as
a therapeutic to reduce the severity and mortality associated with COVID-19 [186]. Since
ROS plays an important role in COVID-19 progression, antioxidants may be helpful in the
treatment and shortening of the duration of this disease. The authors argue that ET has
a high bioavailability, is actively taken up into cells, and is preferentially accumulated in
tissues, especially those at a high risk of ROS-induced damage. Moreover, in contrast to the
powerful antioxidant ascorbic acid, ET does not enter pro-oxidative reactions with iron or
copper. Furthermore, it has been demonstrated that fungal extracts with ET as the major
active component inhibit some viral proteases suggesting the possible activity of ET in the
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inhibition of the binding or replication of SARS-CoV-2 [186,187]. Taking into account all
the above-mentioned facts, it seems that ET is worth exploring as a potential medicine for
administration in COVID-19 to reduce the severity of the disease.

9. Concluding Remarks

The sulfur-containing molecules presented in this paper have significant therapeutic
potential and their beneficial actions in many different diseases have been documented.
The present review describes the potential role of sulfur compounds in the protection
against infection induced by SARS-CoV-2 and their suitability for the inhibition of virus
replication. As most of the sulfur compounds discussed in this review, including H2S,
NAC, LA, erdosteine, and ET possess well-documented anti-inflammatory and antioxidant
properties, they can be useful in the suppression of pro-oxidative processes and inflam-
mation accompanying a mild or severe course of the disease. Moreover, H2S and NAC
influencing TMPRSS2 expression and ACE2 activity can protect host cells against SARS-
CoV-2 infection and in this way inhibit virus fusion. These molecules also have multiple
benefits in age-related diseases, such as cardiovascular diseases, diabetes, inflammation,
and neurological diseases. Therefore, there is additional interest in the use of the presented
reactive sulfur compounds, especially in elderly patients with COVID-19.

It seems that low levels of GSH and H2S in the plasma of patients with a severe course
of COVID-19 could be among the major causes of the severe symptoms of the disease.
Therefore, the low level of GSH and diminished concentration of H2S in the plasma of
COVID-19 patients can be regarded as markers predisposing them to a severe course of the
disease. On the other hand, it can be expected that patients with disturbed homeostasis
of GSH and H2S could be treated with substances able to improve the homeostasis, help
alleviate the symptoms of the disease, and protect against its severe course. In this aspect,
clinically used NAC seems to be an ideal and safe candidate. NAC is a precursor of Cys,
which is a rate-limiting factor in the GSH synthesis. On the other hand, Cys is a substrate
for H2S synthesis. The clinical study described in this review confirmed that NAC exerted
beneficial anti-inflammatory effects and could be used as adjunctive therapy in COVID-19.
In our opinion, LA is the second candidate that could be used as a supportive therapy
in COVID-19 since it is a clinically used drug with powerful antioxidant potential and is
safe even at high doses, similar to NAC. Moreover, all other sulfur compounds or their
precursors described in this review are worth studying in the context of their usefulness in
the treatment of COVID-19 due to their biological activity connected with modulation of
the inflammatory response and regulation of the host response to viral infections. However,
in the case of all these compounds, additional data and studies are needed to confirm their
effectiveness and safety before these molecules can be used in infected patients.
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